After exposure to 80 ppb of ozone for a single 4 h period, a significant reduction in photosynthetic activity was rapidly induced in two cultivars of Phaseolus vulgaris, cv. Pinto, 0 3 -sensitive and cv. Groffy, 0 3 -resistant. Pinto displayed a strong and irreversible reduction in A max accompanied by stomatal closure and an increase in intercellular C0 2 concentration. The fluorescence parameters indicated that the electron transport around PSII had been altered. The increase in non-photochemical quenching was related to an energy dissipation through non-radiative mechanisms. Photosynthesis was also reduced in the cv. Groffy, but the effect was reversible with time. Groffy showed alteration in the photochemical functioning of the thylakoids and specific disturbances of the water-splitting enzyme system of PSII, but these alterations disappeared only 20 h after the end of fumigation. Recovery of photosynthetic ability was more delayed with time and needed 7 d to show values similar to the controls. Physiological tools, such as gas exchange and chlorophyll fluorescence, play a major role in the early detection of environmental stress such as 0 3 pollution, and in distinguishing the responses between cultivars with different 0 3 -sensitivity.
Introduction
Ozone (O 3 ) is an important and widespread air pollutant (Lefohn, 1991) which can influence the physiology of plants through a depression of photosynthetic activity. This may be due to decreasing stomatal conductance (Hill and Littlefield, 1969; Temple, 1986; Amundson et al, 1987) and/or by reducing the capacity of mesophyll cells to fix CO 2 (Lehnherr et al, 1988; Myhre et al, 1988; Farage et al, 1991) . In fact, the stomatal aperture and mesophyll activity can contribute contemporaneously to photosynthetic limitation when Vicia faba plants were exposed to a single episode of ozone (150 ppb for 3 h) (Guidi et al, 1993) .
Some authors (Farage et al, 1991) , studying the effects of short-term O 3 fumigation on photosynthesis in wheat, indicated that carboxylation efficiency was the first point of damage. According to these authors, the effects on stomatal conductance, rate of regeneration of ribulose, 1-5 bisphosphate (RuBP) and the quantum yield of photosystem II (PSII) photochemistry occur later and have only a very small quantitative effect on the rate of CO 2 uptake. Also with wheat, Grandjean Grimm and Fuhrer (1992) reported that O 3 did not seem to have a direct and irreversible effect on the structural components of the photosynthetic apparatus, the responses being strictly dependent on leaf age. Indeed, the authors reported that in young leaves O 3 affected the stomata directly and, consequently, limitation of photosynthesis was primarily due to reduced CO 2 diffusion. In contrast, in senescent leaves, the effect of O 3 was mainly due to reduced carboxylation. Furthermore Schreiber et al. (1978) reported that the response of fluorescence in bean to high levels of ozone is dependent on concentration, exposure time and leaf development stage. related parameters such as stomatal conductance. But the information obtained is not sufficient for understanding the specific target of O 3 in the photosynthetic apparatus. In addition to leaf gas exchange, chlorophyll fluorescence parameters are very suitable as indicators of the state of the photosynthetic apparatus, indicating not only changes in photosynthetic performance, but also allowing the localization of primary sites of damage.
The degree to which plants develop visible symptoms of injury is commonly used as an indication of their O 3 sensitivity. Two cultivars of Phaseolus vulgaris are known to show a differential sensitivity to ozone: at various concentrations of ozone (80, 100 and 130 ppb) with 3 h exposure, cv. Groffy does not show any visible symptoms of damage (Tonneijck, 1983) ; Pinto bean, on the other hand, is a sensitive plant which is used to detect the presence of air pollutants (Oshima, 1974) .
The aim of this paper was to evaluate if chlorophyll fluorescence and leaf gas exchange are suitable methods of studying early effects of ozone following a single fumigation treatment at low O 3 concentration on the photosynthetic performance of two cvs of Phaseolus vulgaris L. (cv. Groffy, ozone-resistant and Pinto, ozonesensitive) known for their different sensitivity to the air pollutant. The target concentration of O 3 was 80 ppb for 4 h. The choice of this concentration was determined by the fact that higher concentrations provoked visible symptoms of injury on cv. Pinto just at the end of the treatment and therefore precluded the physiological measurements.
Materials and methods

Plant matenal
Bean seeds (Phaseolus vulgaris L., cv. Pinto, ozone-sensitive and cv. Groffy, ozone-resistant) were sown in perlite and maintained in a greenhouse for 4-5 d, until the cotyledons were fully expanded. Seedlings were then transplanted into a steamsterilized soil: peat: perlite (1:1:1, by vol.) mix and grown in containers under greenhouse conditions for another 10-11 d at a temperature ranging between 17 and 23 °C and RH between 55 and 85%, with a 14 h photoperiod. Photon flux density at plant height was of 530 /j.mol photons m~2 s~'. Uniform plants were selected and treated with O 3 when the primary leaves were fully expanded (about 15 d after sowing).
Fumigation treatment
Exposure to O 3 occurred in a controlled-environment perspex apparatus placed inside a walk-in growth chamber. The fumigation system was continuously ventilated (two complete air changes per minute) with charcoal-filtered air. Temperature was maintained constant at 20±l°C and RH at 85 ±5%. A photosynthetic photon flux density at plant height of 530 /xmol photons m~2 s~' was provided by incandescent lamps. O 3 was produced by a Fischer 500 air-cooled generator, supplied with pure oxygen, and mixed with the inlet air entering the fumigation chamber. Its concentration in the chamber was continuously monitored with a Monitor Labs analyser (model 8810), connected to a PC. Five plants of each bean cultivar were pre-adapted to the chamber conditions for 48 h and exposed to 80±3.2 ppb (1 ppb O 3 =1.96 ^g m" 3 at standard temperature and pressure) O 3 for a single 4 h period. The same experimental procedure was utilized for another group of five plants for each cultivar, which were exposed to filtered air and used as control. The experiment was carried out twice.
Gas exchange analysis
Gas exchange analysis was earned out using an open system (Heinz Walz, Effeltrich, Germany) and an assimilation chamber thermostatted by a Peltier battery. Both CO 2 and water vapour were measured with an IRGA (Binos, Leybold Heraeus, Germany). Details of the procedures are given in Soldatini and Guidi (1992) .
Measurements of gas exchange in the leaf were performed in the primary leaf and the determinations were made at the end of the fumigation treatment, after 20 h and 7 d of the recovery. The parameters determined were photosynthetic activity at saturation light level (A^^), stomatal conductance (G w ), transpiration rate (£), intercellular CO 2 concentration (C,), and water use efficiency (WUE).
Chlorophyll fluorescence
A pulse amplitude modulation fluorometer (PAM-2000, Heinz Walz) was used to monitor chlorophyll fluorescence, and to measure the status of the electron transport of PSII (Schreiber and Bilger, 1993) . The frequency of the light pulses was at 600 Hz for detection of F o or at 20 000 Hz for the recording of light-induced kinetics. The fluorometer was connected to a leafclip holder (2030-B, Heinz Walz) with a tri-furcated fiberoptic (2010-F, Heinz Walz) and to a personal computer with specific data acquisition software (DA-2000, Heinz Walz). The fiberoptic axis forms a 60° angle with the leaf plane and the distance between fiberoptic and leaf can be varied. In addition, the leaf clip displays the following features: a micro-quantum sensor monitoring photosynthetically active radiation (PAR) and a thermocouple monitoring leaf temperature (NiCr-Ni). The fluorescence is excited by a very weak red pulsed measuring light (655 nm). The Light Emission Diode (LED) light passed a short-pass filter (<660nm) and fluorescence emission from the leaf is monitored by a photodetector which is protected by a long-pass filter (>700 nm) and a heat absorbing filter. Inside the main control unit there are another five LEDs for red actinic light illumination (unfiltered, peak at 655 nm) and another one provides far-red light (peak wavelength 735 nm). A halogen lamp serves to generate saturation pulses and continuous actinic white illumination. Fluorescence emission was monitored from the adaxial leaf surface. The measuring modulated light intensity was sufficiently low (<0.1 ^E m~2 s" 1 ) not to produce any significant variable fluorescence. Darkadapted leaves (20 min) were initially exposed to the weak, modulated measuring beam, followed by exposure to a saturated white light with a photon flux density of about 10000 )iEin" 2 s"
1 . The time of darkness was selected after different attempts. After 20 min of dark adaptation no changes in the value of F o were detected. In this way an estimate of the maximal fluorescence level (/*") (corresponding to a transient maximal reduction of the pool of primary PSII electron acceptor, Q A ) was determined. The system was used for the analysis of quenching by the saturation pulse method (Schreiber et al, 1986) . Intermittent, abrupt illumination by sufficiently strong light will cause a transient, but complete removal of photochemical quenching, causing a corresponding increase in variable fluorescence F v to (F v ),; any residual quenching is assumed to be non-photochemical. The intensity of the actinic light was O 3 effects on photosynthesis of bean 175 maintained at 150 /*E m 2 s ' and saturating flashes of white light (10000 fiE m~2 s' 1 and 800 ms duration) were given every 20 s. Determination of the quenching components <7 NP and <7p were calculated as defined by Schreiber et al. (1986) .
Chlorophyll fluorescence was determined in vivo at the end of the fumigation and the recovery was analysed 20 h and 7 d after the O 3 treatment.
Statistical analysis
The data presented are means of three or five replications. For comparison of the means analysis of variance (ANOVA) followed by the least significant difference (LSD) test was used.
Results
The two cultivars of Phaseolus vulgaris used in this report are known to show a different response, as visible symptoms, to ozone exposure (Oshima, 1974; Tonneijck, 1983) . Under the conditions of this experiment the bean plants did not show any visible symptoms at the end of the O 3 treatment. Table 1 shows gas exchange parameters determined in the primary leaf of two cultivars of Phaseolus vulgaris exposed to a single 4h O 3 episode (80 ppb). Cultivar Pinto, ozone-sensitive, showed a significant decrease in photosynthetic activity at a saturation light level (600-800 M E m" 2 s" 1 ) of about 53%. This reduction continued with time: 20 h after the end of the O 3 exposure photosynthesis was practically undetectable. Stomatal conductance was also reduced: 20 h after the end of fumigation G w was about 30% of the control. Transpiration rate and water use efficiency were affected by ozone in a similar manner to that of G w , while intercellular CO 2 concentration significantly increased in ozonated plants in comparison to controls. These results show that the response of Pinto to O 3 is rapid and not reversible, already showing visible symptoms of injury 24-30 h after the end of O 3 exposure. The limitation of photosynthesis appears to be correlated to a strong stomatal closure and also to a decrease in mesophyll activity as demonstrated by the increase in C,.
The behaviour of Groffy (Table 1) was quite different.
The decrease in A mnx at the end of the treatment was substantial (-30%) even if not so strong as in Pinto. Stomatal conductance and transpiration rate did not show significant changes at the end of the O 3 -exposure, while the C, increased (+65%) in comparison to the controls. Twenty hours after the end of fumigation, /l mttX was further reduced, reaching the value of 3.5 ^mol CO 2 m " 2 s ~' in comparison to 6.1 ^mol CO 2 m ~ 2 s ~1 recorded in the controls. The value of A mnx did not differ significantly from those reached at the end of fumigation. Stomatal conductance and transpiration rate were also affected; G w and E decreased in ozonated plants by about 40% and 55%, respectively, in comparison to the controls. The Q value decreased as compared to the measurement carried out at the end of fumigation in ozonated plants and after 20 h reached a value similar to those of the control. The behaviour of Groffy appears to be characterized by two different responses: at the end of fumigation the limitation in A ma% was probably due to alteration in mesophyllic capacity, while 20 h after O 3 exposure it is stomatal conductance which appears to be the main influence on photosynthesis limitation. This cultivar did not show any visible symptoms of damage and 7 d after the end of the treatment photosynthetic activity recovered completely, reaching the value of the controls (data not shown).
The chlorophyll fluorescence measurements were carried out on the same leaves used for gas exchange analysis and which previously had been dark-adapted for 20 min. In Table 2 the fluorescence parameters recorded for both the cultivars are shown. The ground fluorescence (F o ), did not change in Pinto while maximum fluorescence (/•"",) decreased, but only 20 h after the end of the fumigation period this reduction, in comparison to the controls, became significant. Also the FJF m ratio, which indicates the efficiency of excitation capture of PSII of a darkadapted leaf, decreased significantly after 20 h. These results indicate that ozone in Pinto impaired PSII-mediated electron transport. The decrease in F v was accompan- The quenching of chlorophyll fluorescence is mainly caused by the use of energy for photosynthetic electron transport (photochemical quenching, q P ) and the buildup of a proton gradient across the thylakoid membrane (<7 NP ). Figure 1 shows the photochemical and nonphotochemical quenching coefficients during the fluorescence induction curve of Pinto bean. The controls exhibited a normal pattern of q P and <7 NP . Photochemical quenching rapidly dropped from a dark-adapted value of 1 to about 0.14, attributable to the initial reduction of Q A . Subsequently, a slow rise in q P over 2 min was observed reflecting the oxidation of Q A by CO 2 fixation. At the same time, q w initially increased over the first minute due to the initiation of electron transport and formation of JpH. Thus, the relaxation of nonphotochemical quenching was associated with ATP synthesis and CO 2 fixation (i.e. NADPH and ATP consumption).
Fumigation of Pinto plants did not significantly affect the photochemical quenching coefficient and this behaviour persisted up to 20 h after the end of the treatment. Non-photochemical quenching in ozonated plants quickly rose and after 1 min reached a value of about 0.7. It then slowly decreased but did not reach, at the moment of steady-state, the value of the controls. Twenty hours after the end of the treatment <7 NP showed a small initial rise which was not followed by the normal relaxation showed by the control. Apparently the reduction in CO 2 is accompanied by a lower request for reductants and inhibited the <7 NP relaxation. The q P appeared not to be affected by O 3 . This result contrasts in part with the indications obtained by the <7 W . This point will be discussed later. after the end of fumigation and a strong increase in nonphotochemical quenching which indicates that the efficiency with which individual PSII complexes utilize absorbed photons for photochemistry had changed and energy was dissipated through related non-radiative processes. Cultivar Groffy, resistant to O 3 , showed values of fluorescence parameters in the control very similar to those of Pinto, but the O 3 response of this cultivar was quite different. Maximum fluorescence, F m , decreased at the end of the O 3 exposure, but 20 h after the end of the treatment its value was not significantly different from the control ( Table 2 ). The same behaviour was shown for the FJF m ratio which was affected only at the end of the fumigation period. Also in this cultivar the reduction of the ratio was due to a decrease in F m and, consequently, in F v In both cases a substantially similar F o was recorded. The non-photochemical quenching did not change in ozonated plants while q P significantly increased. The higher q P in leaves of ozone-treated plants may indicate that the primary electron acceptor of PSII, Q A , is more oxidized.
The results obtained 20 h after the end of the O 3 fumigation showed that the ozonated plants recovered completely and reached the same F m and FJF m values as the controls. The same pattern was observed for both the quenching coefficients. Figure 2 gives details of quenching analysis for Groffy. q P rose in ozonated plants more than in controls while the data related to 20 h after the end of the exposure were similar to those of the controls. Non-photochemical quenching did not show any significant differences between ozonated and recovered plants in comparison to the controls.
Discussion
This work reports the differential responses of two cultivars of Phaseolus vulgar is (Pinto and Groffy) which display different sensitivity when exposed to O 3 fumigation (Oshima, 1974; Tonneijck, 1983) . The results obtained confirmed that the two cultivars have a differential sensitivity to ozone also at subliminal doses.
The sensitive cultivar, Pinto, when exposed to O 3 , showed a decrease in CO 2 uptake, stomatal conductance and transpiration rate, while the intercellular CO 2 concentration increased. These results suggest that O 3 affected CO 2 assimilation both by a limitation in stomatal conductance and a decrease in mesophyllic CO 2 -fixation ability. These effects were not reversible and indeed, 20 h after the end of the fumigation period, photosynthesis was practically undetectable. Visible symptoms of injury were shown by primary leaves about 24-30 h after the end of the exposure to O 3 .
The alteration of mesophyllic activity in Pinto ozonated plants was confirmed by the decline of the F v /F m ratio which was widely reported as a good indicator of photoinhibitory damage (Bolhar-Nordenkampf et al., 1989) . In Pinto ozonated plants a higher proportion of absorbed photons was lost as heat instead of being used to drive photosynthesis, as indicated by the non-photochemical quenching which remained significantly higher in comparison to the control. The observation that O 3 prevents relaxation of membrane energization via q SP during the fluorescence curve induction is a further confirmation of the inhibition of the Calvin cycle activity. These results are not in agreement with those found by Schmidt et al. The data show that in the primary leaves of Pinto bean, chlorophyll fluorescence and gas exchange parameters were irreversibly affected by O 3 .
In Groffy, more resistant to O 3 , different responses were recorded. Indeed, at the end of O 3 exposure, photosynthesis significantly decreased while stomatal conductance and transpiration rate were not affected. As a consequence, water use efficiency decreased which indicates that a stronger reduction in A^^ relative to transpiration rate took place. These results are in agreement with those of other authors who reported that alteration in A^^ preceded changes in leaf stomatal conductance (Pell et al, 1992) . At least in a first phase the reduction in photosynthetic activity in Groffy appeared to be confined to the mesophyll. Stomatal limitations cannot be completely excluded but they came into play later (20 h after the end of fumigation when G w was reduced to 40%).
At low O 3 concentrations Groffy, the cultivar resistant to ozone, showed clear changes in photosynthesis, even in the absence of visible symptoms of injury, which were reversible with time. The recovery of net photosynthesis 7 d after the end of exposure to O 3 is consistent with the observations of other investigators: Hill and Littlefield (1969) noted that net photosynthesis returned to control levels within 24 h after the plants had been removed from O 3 . The recovery was reportedly related to stomatal reopening after the stress was removed. In our case, plants of Groffy showed, even 20 h after the end of fumigation, a complete recovery in fluorescence parameters. In other plants, the recovery in fluorescence parameters and photosynthetic activity can take more time, even up to a week (Guidi et al, 1993) .
Conclusions
The two cultivars of Phaseolus vulgaris tested in this work showed different behaviour not only in the visible symptoms of injury, but also in the effects on photosynthesis when the symptoms did not appear.
The response of the sensitive Pinto to O 3 is rapid and not reversible. The limitation of photosynthesis appears to be correlated to strong stomatal closure but also to a decrease in mesophyll activity as demonstrated by the increase in Q and alteration of fluorescence parameters. The behaviour of Groffy appears to be characterized by responses modulated with time: at the end of the fumigation period the limitation in A^^ was probably due to alteration in mesophyllic capacity, while 20 h after the O 3 exposure it appears to be stomatal conductance which is the main influence in limiting photosynthesis. 7 d after the end of fumigation, cv. Groffy completely recovered its photosynthetic activity with values similar to the controls.
Thus from results obtained in this work it is evident that the two cultivars of bean known for their different sensitivity to ozone in terms of symptoms, displayed specific behaviour in physiological parameters as well as photosynthesis. Indeed, in Pinto, the ozone-sensitive cultivar, the strong alteration in primary leaves evoked by O 3 was evident even before any visible symptoms appeared. The same behaviour was shown also by Groffy, which at the end of fumigation altered its photosynthetic performance, however, both fluorescence and gas exchange parameters recovered completely after a certain period of time. This cultivar did not show any visible symptoms of injury.
Finally, physiological tools, such as gas exchange and chlorophyll fluorescence, play a major role in the early detection of environmental stress such as O 3 pollution, and in distinguishing the responses between cultivars with different O 3 -sensitivity. 
